We report a large converse magnetoelectric ͑CME͒ effect at room temperature in a multiferroic heterostructure formed from thin layers of perpendicularly magnetized Co x Pd 1-x alloys deposited on a piezoelectric single-crystal of lead magnesium niobate-lead titanate PMN-PT͑001͒. The CME results from a strain-induced reorientation of the CoPd magnetization. By varying the composition and thickness of the Co x Pd 1-x film, a large converse magnetoelectric coupling constant, ␣ =8 ϫ 10 −7 s / m, at room temperature was found for 10 nm Co 0.25 Pd 0.75 . This large CME effect results from combining a highly magnetostrictive CoPd alloy with highly piezoelectric PMN-PT. © 2010 American Institute of Physics. ͓doi:10.1063/1.3531648͔
The converse magnetoelectric ͑CME͒ effect, namely, the electric-field control of the magnetic properties in a multiferroic system, has attracted great interest recently due to its important potential applications, such as for low power, electric-field writable magnetic memory.
1,2 Typically, there are two distinct classes of multiferroic systems: single phase systems which displays both magnetic and charge orderings, and systems consisting of separate magnetic and charge ordered phases. Although many studies have been reported on single phase systems, their CME effect are usually weak and exist only well below room temperature.
3, 4 On the other hand, room temperature magnetoelectric properties are readily found in multiferroic thin-film heterostructures which are composed of separate ferromagnetic ͑FM͒ and ferroelectric ͑FE͒ layers. Strain Terfenol-D/PMN-PT, 7 CoFe/lead zirconate titanate͑PZT͒, 8 and Fe 3 O 4 / PZN-PT. 9 In addition to operation at room temperature and above, the strength of the CME coupling is also very important for useful device applications. The coupling strength is described by the magnetoelectric coupling constant ␣, which is the ratio between the change in magnetization and the applied electric field. Pertsev has theoretically predicted giant CME effect in a number of FM films with the largest value of ␣ max = 1.86ϫ 10 −6 s / m in films of Ni. 12 However, the largest value of ␣ so far reported in epitaxial films of La 0.67 Sr 0.33 MO 3 deposited on a single-crystal of BaTiO 3 ͑Ref. 2͒ is about a hundred times smaller with ␣ = 2.2 ϫ 10 −8 s / m and 2.3ϫ 10 −7 s / m at room and low temperature, respectively. It should be possible to find larger CME by using highly magnetostrictive FM materials in combination with highly piezoelectric FE materials. In this letter, we report a large CME coupling constant, ␣ =8ϫ 10 −7 s / m, at room temperature, in a CoPd/PMN-PT system.
For FM/FE heterostructures, the CME effect can be understood by the interplay between the inverse piezoelectric effect of the FE layer and the inverse magnetostrictive effect of the FM layer, as described by
where is the magnetic permeability, and FM and FE are the strains of the FM and FE layers, respectively. The coupling constant c = FM / FE describes the strain induced in the FM layer by the strain induced in the FE layer which itself results from the applied electric field. Therefore, as can be seen from Eq. ͑1͒, to obtain a large CME, c should be maximized for heterostructures formed from FM and FE materials with large ⌬M / FM and FE / E. For ultrathin FM films the strain in the FM layer can be assumed to be homogeneous and equal to FE ͑c=1͒. With increasing FM film thickness, c decreases due to relaxation of the induced stress in the FM film, so the FM thickness should be chosen to be small enough that c is maximized yet not so small that the ferromagnetic ordering temperature is reduced due to finite size effects. However, in these experiments the roughness of the PMN-PT substrate gave a lower limit to the FM film layer thickness ͑atomic force microscopy gives an rms roughness of ϳ1.5-2 nm measured over a region 5 ϫ 5 m 2 ͒. The second and third terms of Eq. ͑1͒ are related to the physical properties of the FM and FE layers. Assuming a uniaxial perpendicular magnetic anisotropy of the FM film, ⌬M / FM is increased when the strain-induced anisotropy change ⌬K u / FM =−3Y / 2͑1−͒, where Y and are the Young's modulus and Poisson's ratio of the FM layer, respectively, is increased. 13, 14 Therefore, a FM material with a high magnetostriction coefficient is needed. The third term FE / E is related to the piezoelectric coefficient d ij . Therefore, increased values of CME are obtained by a combination of a FM material with high and a FE with high d ij .
CoPd alloy films were prepared by dc magnetron sputtering on piezoelectric Pb͑Mg 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PMN-PT͒ single-crystal substrates. Co x Pd 1-x alloy films were grown at a sputtering power of 60 W at 5 mTorr Ar at nominally room temperature. Fig. 1͑a͒ . Electric fields with strengths from 0 to Ϯ16 kV/cm induced isotropic biaxial compressive strains of up to 0.13% in the PMN-PT substrate. The composition and the saturation magnetization M s of the CoPd alloy films were measured by energy dispersive x-ray spectroscopy ͑EDS͒ and vibrating sample magnetometry ͑VSM͒, respectively. Magneto-optical Kerr effect ͑MOKE͒ measurements were carried out using a 633 nm laser beam, incident at 45°on the sample, using a photoelastic-modulator method. 15 Kerr angle versus magnetic field hysteresis loops of the CoPd films were measured in the presence of stress produced by the inverse piezoelectric effect of the PMN-PT substrate, as shown in Fig. 1͑a͒ . Typical polar and longitudinal Kerr hysteresis loops, with the field applied perpendicular and parallel to the plane of the sample, respectively, are shown in Fig. 1͑b͒ , for a 10-nmthick Co 0.25 Pd 0.75 alloy film. These data clearly reveal that the FM film has a well defined uniaxial perpendicular magnetic anisotropy ͑PMA͒.
To investigate the dependence of the CME on and c, a series of samples were prepared with different compositions, namely, Co 0.18 Pd 0.82 , Co 0.22 Pd 0.78 , and Co 0.25 Pd 0.75 and thicknesses of 10, 20, and 30 nm. Polar Kerr hysteresis loops for these samples are shown in Fig. 2͑a͒ at electric fields E of zero and 16 kV/cm. The Kerr angle in each loop is normalized by the saturation Kerr angle. The squareness SQ = r / s , where r and s represent the remanent and saturation Kerr angles, respectively, is increased when the Co composition is increased from 18 to 25 at. %. The change in anisotropy energy ⌬K eff induced by the application of an electric field of magnitude 16 kV/cm is derived from the hysteresis curves 16 in Fig. 2͑a͒ and is shown in Fig. 2͑b͒ . The remanent magnetization M r is estimated from SQ and M s assuming that the Kerr angle is proportional to the magnetization. The CME coupling constant ␣ is expressed for this FM/FE system by ␣ = ⌬M r / E. In Fig. 2͑c͒ , ␣ at E =16 kV/ cm is estimated from the change in M r shown in the hysteresis curves in Fig. 2͑a͒ . It is known that exhibits a maximum value in the Co-Pd alloy system for a Co composition of ϳ25 at. %. 17, 18 Thus, the increase in ⌬K eff and ␣ with increasing Co composition in our CoPd alloy films is consistent with Eq. ͑1͒ and shows that the magnetostriction of the FM layer plays an important role in realizing a giant CME effect.
The thickness dependence of ␣ is also shown in Fig.  2͑c͒ . For Co 0.25 Pd 0.75 films, ␣ increases with decreasing film thickness and reaches a maximum value of 2.6ϫ 10 −7 at a film thickness of 10 nm. For thinner layer there is no PMA in our films. By contrast, the Co 0.18 Pd 0.82 and Co 0.22 Pd 0.78 films, exhibit PMA only for films thicker than 10 nm so the maximum value of ␣ for these compositions is obtained when the thickness is 20 nm. As mentioned before, c depends on the FM layer thickness. We find that c increases with decreasing film thickness, which explains the change in ␣ for films, the remanent magnetization M r is decreased at 10 nm film thicknesses, and, as a result, 20 nm is the optimal thickness to maximize the CME effect for these compositions.
By maximizing each term in Eq. ͑1͒, we have thus determined that the highest magnetoelectric coupling constant is found in a Co 0.25 Pd 0.75 film with a thickness of 10 nm. For this film a detailed dependence of the polar Kerr hysteresis loops was measured as a function of applied electric field, varying from Ϫ16 to +16 kV/ cm. As can clearly be seen in Fig. 3͑a͒ , the values of SQ and ␣ are almost symmetric with respect to the polarity of the applied electric field. In addition, the Kerr hysteresis loops are unchanged after electricfield cycling, revealing no irreversible change in the FM/FE system after application of the electric field. This is consistent with the symmetric and hysteresis-free characteristics of the strain-electric-field properties of PMN-PT. 5 We find that ␣ varies between 8.0ϫ 10 −7 and 0.8ϫ 10 −7 s / m when the electric field is varied from Ϫ16 to +16 kV/ cm. Note that this large value of ␣ is comparable to the largest experimental value which has been reported. 9 In summary, we have demonstrated a large CME coupling constant of ␣ = 8.0ϫ 10 −7 s / m at room temperature by developing a good combination of a highly magnetostrictive ferromagnetic CoPd alloy film coupled with a highly piezoelectric PMN-PT substrate. The reversible tuning of the perpendicular magnetic anisotropy of the CoPd films with electric field was demonstrated. We believe that this result is an important step toward realization of the control of magnetization with electric field at room temperature.
